An oxygen atom as a donor bridge causes the bonding of two atoms at lower electronegativity. In a case of paramagnetic centres such as transition metal ions the magnetic criterion occurs, i.e. spin queuehing follows. The nature of the bonding of oxygen to other atoms, and the role of the oxygen atoms as a bonding bridge have been two of the main problems with which investigators of the structure of chemical compounds and condensed phases have had to deal in recent years.
electronic structure were calculated using the SCCC method. This model gives a good explanation of magnetic properties of all the known complexes with one linear or angular bridge. The influence of other ligands on the ground term and on the complex properties has been explained. The structures most convenient to linear bridge formation are those ofthe d 0 -d 4 electronic ones. At d 5 the angular bridge is more enocgetically convenient. Double oxygen-bridge bondingwas studied on the large group of Mo-V dimers. The probable MO system explaining their magnetic properties is given. The spectroscopic characteristic in the infra-red of single and double oxygen bonding confirmed the bonding of the oxygen bridge.
The nature of the bonding of oxygen to other atoms, and the role of the oxygen atoms as a bonding bridge have been two of the main problems with which investigators of the structure of chemical compounds and condensed phases have had to deal in recent years.
Mutual interaction of atoms through oxygen in solid lattices has been known since the discovery of antiferromagnetism in metal oxide lattices. This effect has been qualitatively explained in the theory of superexchange proposed by Anderson 1 , Kramers 2 and Goodenough 3 -5 . The turning point in the development of views on the role of oxygen was the discovery of molecular antiferromagnetism, that is, spin-spin quenching within one molecule. Melor 6 , Dunitz and OrgeF found in 1953 that the diamagnetic ruthenium(Iv) compound, the oxychlororuthenate(Iv) built of paramagnetic ions, isadimer containing a linear Ru--0--Ru core. Later in 1954, the second case of spin-quenching in metal ions by the oxygen bridge in a binuclear complex of rhenium p-oxobis(pentachlororhenate) (rv) was discovered by B. Jezowska-Trzebiatowska and S. Wajda 8 • In 1962 Morrow 9 demonstrated by x-ray diffraction that the core is in fact, linear 177°, forming the oxobridged Re-0-Re dimer.
In the early 1950s, Pauling's model based upon the valence bond theory was commonly employed to explain the magnetic properties and the electronic structure of complex compounds. This model explained the magnetic properties of the ruthenium complex of a d 4 -d 4 electron structure if the 89 oxygen atom was assumed to form two er bonds and two 1t bonds. 1t failed, however, to explain the properties of the rhenium complex with a d 3 -d 3 electron structure. In the following years a nurober of metal ion systems have been discovered involving molecular queuehing of electron spins by the oxygen bridge. In 1955 Mulay and Selwood 10 reported such an interaction on increasing hydrolysis of ferric perchlorate solution which provided evidence that the spin-quenching is not a lattice effect. The sturlies of other authors yielded similar results
11 . An analogous phenomenon was o bserved by Sacconi and Cini in 1954 12 during hydrolysis of molybdenum(v) complex solutions. A step forward in the study of the queuehing effect was the discovery of a temperature singlet-triplet equilibrium between the states S = 1 and S = 0, made by Earnshow and Lewis 13 and later by Jezowska-Trzebiatowska and W ojciechowski 14 (HEDTA = N -hydroxyethylenediaminetriacetate), phenanthroline oxobridged dimer 13 • 16 and, of biological importance, oxobridged haemin dimer 19 should be mentioned. The infra-red spectroscopic sturlies of the 7t bonds in inorganic compounds have also shown some peculiar properties of the bonding of oxygen to other atoms. Oxygen was found tobe doubly or even triply bound, and the oxygen bridges were found to contain, at least partly, 1t bonding. The role of the oxygen bridge in electron transfer, hydrolysis and polymerization processes stimulated further sturlies of the oxygen bonding. Such sturlies have been taken in several world laboratories.
In our Institute the mechanism of oxygen bridge formation, the nature of the oxygen bridge and the structure and properties of compounds with oxy gen bonding have been studied, using different methods, for many years. The results of these sturlies induced me to put forward the idea that the oxygen bridges are so important in binding atoms that the term ·oxygen bonding' may be employed. Our results and consideration of the Iiterature enabled me to make certain generalizations regarding the nature of the oxygen bond 20 -22 . The complexes containing the oxygen bonds could be considered as clusters-the compounds of various stabilities depending on the electronic structure, the size of the bridge-bound atoms and the nature of the other ligands. The oxygen bridge plays a similar role as a junction between the atoms as a hydrogen bridge; in contrast to the acceptor hydrogen bridge, however, it is a donor bridge.
The ions linked by the oxygen bridge form a core of the complex in dimeric or polymeric clusters. Such a core may be linear or angular; the angle, as a rule, exceeds 90°. The angular bridges appear most frequently in nontransition elements, in transition elements with d 0 electronic structure, and, in some cases, in transition metal complexes as will be shown later for definite dn electronic structures. The double bridge-oxygen bonds are, of course, also angular.
Such clusters, for instance, where the oxygen has a coordination nurober of 3, are formed by chromium(m) and iron(m) 23 . The clusters containing
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THEORY AND IMPORTANCE OF OXYGEN BRIDGE-BONDING cores with a single or double oxygen bridge arise either as intermediates of the salt hydrolysis prior to the formation of the final hydroxide or make the core of the complex compound. Each of the cations is surrounded by ligands, apart from the bridge oxygens, which complement its local symmetry up to the distorted octahedron or tetrahedron. The nature of the bridge bonding becomes most evident when the core consists of the paramagnetic cations of transition metals. lt may then be found experimentally that the oxygen bond makes mutual interaction of the electron spins possible, as in the case of a direct metal-metal bond. The magnetic criterion of the chemical bond appears. Such complexes are, therefore, most helpful in elucidating the nature of the oxygen bond. In dinuclear complexes consisting of the paramagnetic transition metal ions, these ions have, as a rule, a local distorted octahedral symmetry. The present paper will be, first of all, devoted to these types of duster structures. The conclusions obtained for the clusters consisting of paramagnetic ions may be generalized to cover compounds consisting of diamagnetic ions. The common occurrence and the role of oxygen-bridge bonds result from the fact that terrestrial media, both air and water, are rich in oxygen. The air In addition, its larger size is a negative factor. The difference between nitrogen and oxygen is sti11 more significant if we compare the electronegativities of the corresponding electronic structures: N and o-r, 8.18 and 24.58 eV respectively. This, and the fact that the electronegativity of nitrogen w.ith respect to two electrons is negative, results in an excessive ability of the nitrogen to delocalize electrons. Nitrogen as a bridge should be therefore stabilized by means of a third acceptor, for instance by H -r which gives more stable NH or NH 2 bridges. Only in exceptional cases can the nitrogen bridge be stabilized by metal ions of relatively high electronegativity.
The halogen atoms have unfavourable properties with respect to single bridge formation. Comparison of the respective electronic structures 0-to F shows the difference in electronegativity of oxygen and fluorine, the radii ofwhich are approximately equal.
In our studies on oxygen bridges we have developed the magnetic method for investigation of the mechanism and determination of the equilibrium constants for the hydrolysis of some mononuclear complexes of rhenium(Iv) 26 , osmium(Iv) 27 , and molybdenum(v) 28 -30 in order to demonstrate that spin-quenching is a molecular phenomenon and not a lattice-type effect.
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Correlation of these data with spectroscopic results in solution and results obtained for the complexes in the solid phase enables us to define the structure of the polymerized molecules in solution. These studies have shown that in all cases, except for the osmium complex, the diamagnetic dimeric products of hydrolysis, and in the case of molybdenum the tetramers also, are formed in solution. The osmium dimer is unstable, and in fact exists only in the solid state.
The magnetic properties have been studied in the solid state in the temperature range 77°-350°K. The dimeric linear or quasilinear complexes of rhenium 8 • 31 -37 , ruthenium 38 , osmium 27 , chromium 13 · 14 and molybdenum39-42 obtained by us have been investigated (Table 3) .
These complexes are diamagnetic or exhibit a small temperature-independent paramagnetism. The chromium complex which shows a singlettriplet temperature equilibrium is an exception. We have also taken into account the results obtained by other authors on iron 13 · 15 -19 and tungsten complexes 43 .
In our opinion, the dimer of tungsten 44 should be treated like the tungsten(Iv) complex with a d 2 -d 2 electron structure. Now, a theoretical justification of the magnetic anomalies should have been found. We have attempted, as has Martin 45 , to apply the theory of superexchange in order to explain the diamagnetism of the dinuclear complexes. Any transposition ofthisqualitative method, however, from a collective spin system in the solid into a molecular system cannot give satisfactory results. In such cases this method may be considered as a prophetic one, but the qualitative picture it provides does not always remain in agreement with the experimental facts. For d 3 -d 3 and d 1 -d 1 electronic structures of dimers, this theory would predict a weak paramagnetism which is true for the chromium complex only. In the case of the rhenium(Iv) and molybdenum(v) complexes which exhibit only a low temperature independent paramagnetism, this is inconsistent with the experimental 'results. The method of Superexchange does not fully justify the magnetic properties and yields no information about the spectroscopic properties and the nature of the chemical bond.
The electronic structure ofthe MOM and MgM cores is most conveniently described by the molecular orbital method, which successfully explains the structure and properties of molecules forming the species of a definite nature. Studies based on the MO scheme were reported for the firsttime by Dunitz and Orgel 7 in 1953 as well as by Jezowska-Trzebiatowska and Wojciechowski in 1963 46 ., The MOM core was treated as an isolated species, and only the interactions between the bridging oxygen and the acceptor ions linked to it were taken into account. The orbital schemes obtained in this way had no generat significance because they did not explain all the magnetic anomalies found in dimeric compounds. Therefore, we have, with Natkaniec and Kozlowski 4 7 once again proceeded to develop the orbital model, bearing in mind that in such complex systems as the dinuclear complexes in which 94 each central ion of the core is surrounded, apart from the bridge-oxygen, by five other ligands of a local distorted symmetry, strong mutual interactions exist. Omission of these interactions, as in the previous orbital models, results in too serious approximations. Now we have taken into account three types of essential interaction:
1. Interaction between oxygen and both metal nuclei which is essential for the formation of oxygen bonding. The interaction follows the formation of a stable MOM core and is chiefly responsible for magnetic and spectroscopic properties of a new chemical species formed in this way.
2. Interaction between the metal ions and their local Iigand environment excluding the bridging oxygen. The interaction should be considered as similar tothat in mononuclear complexes.
3. Interaction between the ligands belanging to the two nuclei, in particular between the ligands placed in the xy planes perpendicular to the bridge axis. It should be emphasized, that the two latter types of interaction as was shown by our present studies, affect also the electronic structure of the core and its related physical properties.
7T: The MO calculations have been performed by us for the complex molecule as a whole by the self-consistent charge and configuration (SCCC) method 48 . The d orbitals of the central ion as well as the s and p orbitals of oxygen are transformed as bases of the following irreducible representations. Table 2 shows that the metal dxz• dy; orbitals of eu symmetry interact with the Px, p), orbitals of the same symmetry, giving the n-bonding and n-anti-bonding molecular orbitals. On the other hand, the combined -d.,:2 orbitals of both metals with symmetries a 10 and a 2 u overlap each other -with the oxygen s and-pz orbitals respectively, leading to the formation of cr molecular orbitals.
Among the group of molecular orbitals discussed, one should distinguish the bonding and antibonding a 2 u and eu orbitals as bridging ones. These orbitals are characterized by the considerable extent of electron delocaJjzation. This is caused by a large overlap and similar energies of the atomic orbitals of oxygen and of metals of which these MOs consist. The a 1 g orbitals consist of the oxygen and metal orbitals overlapping one another to a large 
Oxygen sporbitals extent. However, due to the large difference in energies of the oxygen s orbital and metal d orbital, the extent of electron delocalization in these orbitals is insignificant.
Wehave also taken into account the 0' of the dxLyl yielding MOs. As a result, the energy ordering of molecuiar Jrbitals has been obtained (Fig,ure 1 0) .
Three orbitals, a~Y' a~u and ~' consisting mainly of the oxygen orbitals, are occupied by the oxygen valence electrons. The a 2 u and eu orbitals act as the main 'binder' in oxygen bond formation. The other orbitals of this ordering consist mainly of the metal ion d orbitals. The metal electrons are placed in these orbitals in the energy ordering. Thus, the oxygen bonding makes possible the pairing of electrons stemming from both metal atoms in the same molecular orbital 
AO öf metal AO of ligands As a result, the b 29 and b 1 u orbitals become very close in energy, causing a change in the sequence of orbitals to give the ordering in the RHS of Figure 11 , which determines the magnetic properties. The orbital scheme obtained by us made it possible for the magnetic properties of all known dinuclear complexes with oxygen bridge of d electron metals with D 4 h or similar symmetries to be explained (Table 3) . 28 per tungsten atom. The dimer of chromium(m) exhibits a singlet-triplet transition. This complex is paramagnetic and its moment is 1.85 B.M. at 293oK while at low temperatures it decreases, almost to zero at -125°K. This is due to the fact that the energy gap between b 29 and b 1 u is very small and the distance between the corresponding terms is therefore comparable to kT. The I would like to draw attention to . the temperature-indep-endent paramagnetism which appears in the dimers possessing a diamagnetic singlet ground state. This temperature-independent paramagnetism depends, of course, on the distance between the interacting Ievels, that is, the distance between the nearest excited state and the ground state, and on the shape of Figure 12 . Orbital splitting in dinuclear Fe(m) complexes with the bent bridge.
In the d 4 -d 4 ruthenium and osmium dimers the energy separation between the strong rr-antibonding bridging eu orbital and the completely filled b 1 orbital is large, range ~ 10 4 cm-1 . Therefore, the temperature-independent paramagnetism is negligible, viz. less than 200 x 10-6 38 • The d 5 -configuration appearing in the iron(ni) dimers exhibits peculiar properties. On the basis of the orbital scheme, two electrons should be placed into the strong antibonding bridging eu orbital. The structure of a bent bridge will therefore be more favourable, corresponding to the altered hybridization with the increased p-orbital contribution to the cr bonds. This results in weaker dn-Pn interactions which cause the splitting of eu orbital into two orbitals.
Meanwhile, the symmetry is changed into C 2 v. At the small bend of the Fe-0-Fe bridge 15 -19 the splitting is also small and the distance between the a! and b! orbitals is small; the singlet-triplet equilibrium and temperature dependence of the moment are observed. The diamagnetic singlet ground state 1 N ow it. is necessary to discuss the properties and structure of dimeric clusters with two oxygen bridges, taking as an example the large group of molybdenum(v) complexes synthesized and studied by Rudolf and me. The d
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1 electron ·structure seemed to be most convenient for the examination of the properties of these more complex systems. These compounds have been obtained as hydrolysis products of the monomeric oxyhalogenomolybdates. Magnetic sturlies carried out in solution and in the solid phase have shown that dimers or higher polymerized species are formed in which the molybdenum atoms are linked by double oxygen bridges 39 -42 • We have isolated about twelve dinuclear di-J.L-oxohalogenomolybdates(v), and a new type of molybdenum complex: tetranuclear molybdenum(v) clusters. I shall deal only with dimers possessing twö oxygen bridges. 101 The magnetic studies on the molybdenum(v) dimers have shown that their electron spins are almost completely quenched. Only a small, temperature-independent paramagnetism remains 39 -42 . The dipyridyl complex [Mo 2 0 4 Cl 2 (dipyh], showing a typical dependence of magnetic susceptibility of temperature and a magnetic moment of about 0.9 B.M., is an exception49. Comparison between the systems with a 'double oxygen bonding' and the system with a 'single oxygen bonding' suggests that the presence of two bridging oxygens and also of strong 1t bonding ligands as terminal oxygens results in the weakening of the bridge 1t bonds. There is then a simultaneaus increase in the metal-oxygen cr interactions and a change in the geometry from D 4 h into C 2 h which results in a further weakening of the metal-oxygen 1t bonds. Due t-o the decrease in the molybdenum-molybdenum distance a direct metal-metal interaction appears. indicate that this distance is small, about 2.4 A. Due to the presence of two bridging oxygens, an additional oxygen-oxygen interaction also appears. Let us now consider the molecular model for a dimeric molybdenum duster of c2h symmetry, taking into account all these interactions.
The terminal ligands oxygen, water and halogens are also of significance and disturb the electronic structure of the core. In such a system as shown in Figure 15 The combinations of the dzLy2 orbitals of that group form the cr type bonds along the z and x, y axes, respectively. While the other d orbitals contribute to the molecular n orbitals, the dxy orbitals in the bridgeplane and the dxzdyz orbitals lie in the planes perpendicular to them. Because of the short metal-metal distance, a cr Mo-Mo interaction through the dxy orbitals is possible here. If the 1t interaction in the bridge plane is assumed to be weaker, owing to the angular character of the bridges, as shown above, the following energy ordering of the d orbitals should be expected.
The magnetic properties of such compounds are determined by the sequence of molecular 1t orbitals consisting mainly of the metal d orbitals. 
The energy intervals between the ag(xy) and bu (xy) The paramagnetic properties of the dipyridyl complexes may be explained by the atJpearance of the 3 Au term. Lowering of the magnetic moment with respect to one electron spin per molybdenum atom .may result from the equilibrium existing between the paramagnetic and diamagnetic isomers.
Vibrational spectra make it possible to draw decisive conclusions on the bridge structure. There is a choice between the linear and angular structures and it is now possible to determine the bond order and bond strength, and hence, the 1t interactions between the bridge oxygen and the atoms linked to it. The extensive investigations by infrared spectroscopy of different compounds with the oxygen-bridge, carried out by Hanuza and me and obtained from the literature 50 -54 allow further extension of the oxygen bridge theory. The linear and angular structures of the bridge described as a "three body system differ in the nurober of infra-red and Raman active frequencies.
The normal modes of vibration given in Table 6 for the linear and angular MOM systems show that for the complexes with angular bridges, all three types of frequencies are both infra-red and Raman active while the linear bridge complexes should not exhibit any symmetric stretching frequencies in the infra-red. The dimers with two oxygen bonds treated as a tetratornie Table 9 ).
Arguments based upon the molecular orbital scheme suggest that linear bridges are formed, above all, by the d 0 to d 4 electronic structure of metal ions with local distorted octahedron symmetry and a total symmetry of the complex ion D 4 h. Table 7 contains these types of dinuclear clusters; the values obtained from infra-red studies of various compounds with different outer ions are shown as frequen~y ranges.
The appearance of some infra-red inactive symmetric frequencies over the range 200-250 cm -l follows from small distortions of the linear bridge. This is particularly evident for the osmium and ruthenium complexes where the introduction of mixed ligands results in a certain change in symmetry.
With the bent bridge, the symmetric frequencies become active in the infra-red according to group theory with simultaneaus considerable increase in vibrational energy. The symmetric frequencies are situated, however, in the same range as those of the linear bridges. The increase of the symmetry frequencies follows from the decrease of the bridge bond order due to the reduced interactions between the oxygen p 11 orbitals and the p 11 or d 11 orbitals of the central ions. This is because the hybridization of oxygen varies with changing angle from 180° to 120° from the diagonal sp into the trigonal sp 2 and at 109° into the tetrahedral sp 3 . As the oxygen bridge bond angle diminishes, the rc-interaction in the bridge decreases.
Reduction of the angle Ieads to the formation of a double-bridge bonding, that is to the two oxygen bridges, which appear in the di-J.L-oxocomplexes. The angle may approach 90° ( Table 9 ). The bond order in such bridges decreases and the bond order has values intermediate between those characteristic of metal-oxygen cr bonding and that existing in the linear bridge MOM. Infra-red spectroscopy is the technique which makes possible quantitative studies of the effect of n-interaction in all oxycompounds. In particular, a correlation between the bond order and the force constants calculated from the frequencies for a number of oxycompounds with various functions of the oxygen is a good illustration for the varying contribution of n-interactions in the bonding. Table 10 contains the observed frequencies and the force constants calculated from them for various types of oxycompounds formed by the transition metals with different ligands which have been discussed above, with respect to their magnetic properties and the theoretical interpretation of their electronic structure on the basis of the MO scheme. A wide range of force constants for oxygen bridges in rhenium complexes results from taking into account the clusters with strong n-bonding ligands beyond the oxygen bridge. Higher values of force constants are associated with the weak n-bonding ligands such as the halogens. The force constant values obtained are a linear function of the bond order.
lt follows from these investigations that the contribution of the n-interaction is largest for the mononuclear mono-oxycomplexes; this decreases, however, with the increasing nurober of oxygen atoms in the molecule. The n-interaction is, in turn, much lower in the oxygen bridge and extremely low in a double oxygen bridge. lt diminishes in the following order in the series of oxycompounds :
lt seems that the correlation of studies by means of several methods, principally magnetic and infra-red spectroscopy, with simultaneaus theoretical interpretation by the molecular orbital method gives the clearest idea of the structure and character of oxygen bonding.
